Medical device-associated infections caused by pathogens such as Staphylococcus aureus and Staphylococcus epidermidis involve biofilm and are particularly challenging. Accordingly, such infections complicate a wide variety of surgical and medical procedures and seriously drain healthcare resources. The involvement of antibiotic resistant staphylococci, principally methicillin-resistant S. aureus (MRSA), exacerbates the problem. Understanding how staphylococci colonize and persist in the host and evade immune responses (17) is therefore an important area of research. Over the last decade interest in staphylococcal biofilm mechanisms has also intensified, arising initially from the importance of this phenotype as a virulence determinant in S. epidermidis. However, S. aureus is also an adept biofilm former, an attribute which enhances its already considerable virulence capacity.
Comparison of the biofilm mechanisms employed by S. epidermidis and S. aureus reveals interesting differences (48) . Production of the icaADBC-encoded exopolysaccharide polysaccharide intercellular adhesin (PIA) (37) or polymeric Nacetyl-glucosamine (PNAG) (39) is now a well-defined mechanism of biofilm development in both S. epidermidis and S. aureus. Carriage of the ica locus is strongly associated with a biofilm-forming capacity in S. epidermidis and is more commonly found in isolates from device-related infections than commensal strains (16, 71) . In contrast, the correlation between ica and biofilm formation in S. aureus is more ambiguous even though this locus is maintained and expressed in almost 100% of S. aureus isolates (14, 31, 49) . The role of the ica locus in the S. aureus biofilm phenotype is complex, particularly given that icaADBC-independent biofilm development has been described in this organism (3, 15, 49) .
Cell surface components such as teichoic acids (22, 60, 61 ) and surface proteins including microbial surface components recognizing adhesive matrix molecules (18) also contribute to the S. aureus biofilm phenotype. S. aureus can display on its surface up to 21 different LPXTG proteins anchored to the cell wall by sortase (41, 42) . Sortase catalyzes cell wall anchoring by transpetidation to peptidoglycan following cleavage at the LPXTG motif which acts as a sorting signal in the C termini of surface proteins. Deletion of srtA in S. aureus interferes with the normal display of LPXTG surface proteins and results in severe virulence defects (41, 42, 46) . The LPXTG-containing surface proteins Bap (biofilm-associated protein) (10, 11, 34, 64) and Aap/SasG (S. epidermidis accumulation-associated protein/S. aureus surface protein G) (9, 26, 58, 59 ) are known mediators of staphylococcal biofilm development. Furthermore, the major cell wall autolysin Atl promotes primary cell attachment to surfaces and is required for biofilm development in S. epidermidis (24) and possibly S. aureus.
The fibronectin binding proteins A and B (FnBPA and FnBPB) are multifunctional LPXTG-anchored surface proteins that comprise two distinct ligand binding domains (63) (Fig. 1 ). The N-terminal A domains of FnBPA and FnBPB are 24% identical, and these domains are 24% and 25% identical to the A domain of ClfA, respectively (29, 63, 68) . Each binds to the C terminus of the ␥ chain of fibrinogen by the docklock-latch mechanism first reported for the SdrG protein of S. epidermidis (12, 29, 51, 68) . The A domains of FnBPA and FnBPB also bind to elastin while the A domain of ClfA does not (13, 29, 56) . The A domain of FnBPA is linked to the wall-spanning domain W by 11 tandem repeats of fibronectin binding domains that bind to the N-terminal type I modules of fibronectin by means of the tandem ␤-zipper mechanism (62) .
We previously characterized the biofilm phenotypes of 114 MRSA and 98 methicillin-sensitive S. aureus (MSSA) clinical isolates from patients with device-related infections in Beaumont Hospital, Dublin, Ireland. Our studies suggested that glucose-induced biofilms in MRSA isolates are ica independent and involve protein instead of PIA/PNAG (49) . In contrast NaCl-induced PIA/PNAG production appears to play a more important role in MSSA biofilm development (49) . In this study we have further characterized MRSA biofilm formation by examining the role of cell wall-anchored surface proteins and showed than FnBPs are crucial. The role of SarA in FnBP-mediated biofilm formation and the domain within FnBPA involved in this phenotype were investigated. Our data identify a novel S. aureus protein-dependent biofilm phenotype utilized primarily by MRSA strains that do not produce PIA/ PNAG.
MATERIALS AND METHODS
S. aureus strains and plasmids. The S. aureus strains and the plasmids used in the manipulation of these strains are described in Table 1 . The clinical S. aureus isolates used in this study, which have been described previously (49) Media and growth conditions. S. aureus strains were grown at 30°C or 37°C on brain-heart infusion (BHI) (Oxoid) medium supplemented, when required, with chloramphenicol (10 to 20 g/ml), erythromycin, and tetracycline (2.5 g/ml). BHI broth was supplemented where indicated with 1% glucose, 4% NaCl, or exogenous V8 protease (5 units/ml) (Sigma). Bacteria were grown on Congo red agar to characterize colony morphology as described previously (7) . Escherichia coli strains were grown at 37°C on LB medium supplemented, when required, with ampicillin (100 g/ml) or kanamycin (50 g/ml).
Genetic techniques. Genomic and plasmid DNA was prepared using genomic and plasmid DNA purification kits (Sigma). Prior to DNA extraction, cells were pretreated with 5 to 10 l of a 1-mg/ml concentration of lysostaphin (Ambi Products, New York) in 100 l of 50 mM EDTA to facilitate subsequent lysis. Restriction and DNA modifying enzymes (Roche, United Kingdom, and New England Biolabs, MA) were used according to the manufacturers ' instructions. Transformations of plasmid DNA into E. coli and Staphylococcus strains were performed as described previously (7) . MWG Biotech, Germany, supplied all oligonucleotide primers used for PCR and reverse transcription-PCR (RT-PCR) ( Table 2) (52) , and UAMS-240 (4), respectively, using phage 80␣/501 or 11. Transduction of a ⌬icaADBC::Tc r allele into clinical isolates has been described previously (49) . Transductants harboring the mutant alleles were selected on BHI agar containing 500 mg/liter sodium citrate and 2.5 g/ml tetracycline, and the presence of the mutant alleles was confirmed by PCR analysis using the appropriate primers listed in Table 2 (data not shown).
Construction of a srtA::Tc r mutation. The srtA mutant strain SRTA1 was constructed using the following procedure. A 4,570-bp fragment containing the srtA gene was amplified by PCR with Phusion high-fidelity DNA polymerase (NEB) from S. aureus 8325-4 using the primers SAsrtA1 and SAsrtA2 and cloned into the pCR-Blunt II-TOPO plasmid (Invitrogen) to create pSAsrtA1. The Tc r gene from plasmid pT181 was digested on a 2,352-bp HindIII fragment and subcloned into a temperature-sensitive E. coli-Staphylococcus shuttle vector, pBT2, that had also been digested with HindIII to create pBT2-tet. A BamHIPstI fragment from pSAsrtA1 was subcloned into pBT2 that had also been digested with BamHI-PstI to create pSAsrtA2. A 2,361-bp XbaI fragment from pBT2-tet containing the Tc r gene was ligated into the XbaI site in the srtA gene of pSAsrtA2 to create pSAsrtA3. The pSAsrtA3 plasmid was first transformed by CaCl 2 and heat shock into E. coli, then by electroporation into S. aureus RN4220, and finally into SH1000. Allele replacement of the temperature-sensitive pSAsrtA3 in SH1000 was achieved following repeated growth (three subcultures) at 42°C FIG. 1. Structural organization of FnBPA from S. aureus 8325-4 and diagrammatic illustration of plasmid constructs lacking regions of FnBPA. Regions B, C, and D (tandem repeats 1 to 11) are required for fibronectin binding. Region A (comprising the subdomains N1, N2, and N3) binds fibrinogen and elastin. The LPXTG motif, required for sortase-mediated anchoring of the protein to the cell wall peptidoglycan, is indicated. The secretory signal sequence (S), wall-spanning (W), and membrane-spanning (M) domains are indicated.
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O'NEILL ET AL. J. BACTERIOL. for 24 h without antibiotic selection and then selection of tetracycline (10 g/ ml)-resistant colonies on BHI agar plates. The colonies were then screened for sensitivity to chloramphenicol to confirm plasmid loss, and PCR analysis was used to verify the presence of the srtA::Tc r allele on the chromosome (data not shown). Bacteriophage 80␣ was used to transduce the mutation into clinical isolates.
In order to complement the SRTA1 mutant, a 1,080-bp PCR product containing the srtA gene was amplified with Phusion high-fidelity DNA polymerase from S. aureus 8325-4 using the primers SAsrtAcomp1 and SAsrtAcomp2 and cloned initially into pCR-Blunt II-TOPO (pSAsrtA4) and subsequently on an EcoRI fragment into pLI50 to create pSRsrtA5. The pSAsrtA5 plasmid was first transformed by CaCl 2 and heat shock into E. coli, then by electroporation into S. aureus RN4220, and finally into SRTA1.
Construction of a clfA::Tc r mutation. The clfA mutant strain CLFA1 was constructed using the following procedure. A 4,420-bp fragment containing the clfA gene was amplified by PCR with Phusion high-fidelity DNA polymerase (NEB) from 8325-4 using the primers SAclfA1 and SAclfA2 and cloned into the pCR-Blunt II-TOPO plasmid (Invitrogen) to create pSAclfA1. The Tc r gene from plasmid pT181 was digested on a 2,352-bp HindIII fragment and subcloned into pBluescript (Stratagene) to create pBlue-tet. The Tc r gene was subsequently subcloned from pBlue-tet on a 2,236-bp SwaI-SmaI fragment into the AleI site in the clfA gene of pSAclfA1 to create pSAclfA2. A 6,700-bp BamHI-XbaI fragment containing the clfA::Tc r allele from pSAclfA2 was ligated into pBT2-bga digested with BamHI-NheI to create pSAclfA3. The plasmid pBT2-bga contains the bgaB gene from pMAD (1) cloned on a 2,803-bp SmaI-SwaI fragment into the SmaI site of pBT2. The bgaB gene encodes a thermostable ␤-galactosidase that can be exploited in colorometric blue-white selection during allele replacement mutagenesis (1). The pSAclfA3 plasmid was transformed by CaCl 2 and heat shock into E. coli and then by electroporation into S. aureus RN4220.
Allele replacement of the temperature-sensitive pSAclfA3 in RN4220 was achieved following repeated growth (three subcultures) at 42°C for 24 h without antibiotic selection and then selection of tetracycline (10 g/ml)-resistant colonies on BHI agar plates. Bluo-Gal (50 g/ml) (Invitrogen) was also included in the medium to facilitate colorimetric (blue-white) screening. White, Tc r colonies were then screened for sensitivity to chloramphenicol to confirm plasmid loss, and PCR analysis was used to verify the presence of the clfA::Tc r allele on the chromosome (data not shown). Bacteriophage 80␣ was used to transduce the mutation into clinical isolates.
Construction of an fnbB Tc r mutation. The fnbB mutant strain FNBPB1 was constructed using the following procedure. A 3,100-bp fragment containing the fnbB gene from SH1000 was amplified by PCR with Phusion high-fidelity DNA polymerase (NEB) using the primers SAfnbB1 and SAfnbB2 and cloned into the pCR-Blunt II-TOPO plasmid (Invitrogen) to create pSAfnbB1. The Tc r gene from pBlue-tet was subcloned on a 2,236-bp SwaI-SmaI fragment into the SwaI site in the fnbB gene of pSAfnbB1 to create pSAfnbB2. A 5,400-bp BamHI-XbaI fragment containing the fnbB::Tc r allele from pSAfnbB2 was then ligated into pBT2 digested with BamHI-NheI to create pSAfnbB3. Finally a 2,803-bp SmaISwaI fragment containing the bgaB gene from pMAD was ligated into the SmaI site of pSAfnbB3 to create pSAfnbB4. The pSAfnbB4 plasmid was transformed by CaCl 2 and heat shock into E. coli and then by electroporation into RN4220.
Allele replacement of the temperature-sensitive pSAfnbB4 in RN4220 was achieved following repeated growth (three subcultures) at 42°C for 24 h without antibiotic selection and then selection of tetracycline (10 g/ml)-resistant colonies on BHI agar plates. Bluo-Gal (50 g/ml) (Invitrogen) was also included in the medium to facilitate colorimetric (blue-white) screening. White, Tc r colonies were then screened for sensitivity to chloramphenicol to confirm plasmid loss, and PCR analysis was used to verify the presence of the fnbB::Tc r allele on the chromosome (data not shown). Bacteriophage 80␣ was used to transduce the mutation into clinical isolates.
Biofilm assays. Semiquantitative measurements of biofilm formation were determined using Nunclon tissue culture-treated (delta surface) 96-well polystyrene plates (Nunc, Denmark), based on the methods of Christensen et al. (6) and Ziebuhr et al. (71) as described previously (7, 49) . Bacteria were grown in individual wells of 96-well plates at 37°C in BHI medium or BHI medium supplemented with 4% NaCl or 1% glucose. After 24 h of growth the plates were washed vigorously. This involved three rounds of plunging the plates into a large volume of distilled water and decanting to remove unattached bacteria. The plates were subsequently dried for 1 h at 60°C prior to staining with a 0.4% crystal violet solution. The absorbance of the adhered, stained biofilms was measured at 492 nm using a microtiter plate reader. Each strain was tested at least three times, and average results are presented. A biofilm-positive phenotype was defined as an A 492 of Ն0.17.
The laboratory strain S. aureus RN4220 and its isogenic ⌬icaADBC mutant were periodically included in biofilm assays as positive and negative controls, respectively. In our assays, and as reported previously, S. aureus RN4220 is a reliably strong biofilm former (A 492 of Ϸ2 to 4) in BHI, BHI NaCl, and BHI glucose media (7, 49) .
Biofilm stability against proteinase K (Sigma) or sodium-metaperiodate (Sigma) treatment was tested as described previously (38, 59) .
Biofilm formation was also examined under flow conditions. Bacteria were grown in Biosurface Technologies FC93 flow cells (Bozeman, MT) containing BHI medium supplemented with 4% NaCl at a flow rate of 500 l/min. Overnight cultures were adjusted to an A 600 of 1.0 prior to inoculation; the bacteria were allowed to adhere to the flow cells for 120 min before the flow was turned on, and the biofilms were allowed to mature for 24 h.
Primary attachment assay on polystyrene. Primary attachment assays were performed based on the method of Lim et al. (36) . Briefly, bacteria from an overnight incubation at 37°C in BHI medium supplemented with 1% glucose were diluted in the same medium to give approximately 300 CFU/100 l. Bacterial concentrations were determined by bacterial plate counts run in parallel to the attachment assay. A total of 100 l of the adjusted suspension was spread on Nunclon tissue culture-treated (delta surface) petri dishes (Nunc, Denmark). After incubation at 37°C for 30 min, the petri dishes were rinsed gently with 5 ml of sterile phosphate-buffered saline (PBS; pH 7.5) three times and covered with 15 ml of molten 0.8% trichostatin A cooled to 48°C. Primary attachment was expressed as a percentage of CFU remaining on the petri dishes after washing. Each experiment was repeated three times.
RNA purification and analysis. RNA purification, RT-PCR, and analysis of RT-PCR data were performed as described previously (7, 8, 15, 49) . The constitutively expressed gyrB gene was used as an internal standard in these experiments using the primers described by Goerke et al. (20) . The primers used to amplify the fnbA, fnbB, and gyrB transcripts are described in Table 2 . Reverse transcription was performed at 50°C for 30 min, terminated at 94°C for 15 min, and followed by 20 cycles of PCR for gyrB and up to 30 cycles of PCR for fnbA and fnbB amplification.
PIA/PNAG assays. PIA/PNAG assays were performed as described elsewhere (27) . Briefly 5-ml overnight cultures (approximately 5 ϫ 10 9 bacteria) were collected by centrifugation, resuspended in 200 to 500 l of 0.5 M EDTA, and boiled for 5 min. The cell debris was again centrifuged, and the supernatant was treated with 20 g of proteinase K at 65°C for 1 h. The proteinase K was inactivated by boiling for 5 min, and the samples were diluted as appropriate before being applied onto nitrocellulose (prewetted in Tris-buffered saline [TBS]) using a vacuum blotter. The blots were dried, rewet in TBS, and blocked for 1 h in 1% bovine serum albumin (BSA). The primary antibody (1:5,000 dilution of rabbit anti-PIA/PNAG [a kind gift from Tomas Maira Litran and Gerald Pier] in TBS-Tween and 0.1% BSA) was then applied to the membrane 
GGATCAATAAATAAAGCAATTTCT AGTTCAGCCG for 1 h. Horseradish peroxidase-linked anti-rabbit immunoglobulin G secondary antibody (1:5,000 dilution in TBS-Tween plus 0.1% skim milk) was then incubated with the membrane for 1 h. A chemiluminescence kit (Amersham) was used to generate light via the horseradish peroxidase-catalyzed breakdown of lumina, which was detected using a Bio-Rad Fluor-S Max charge-coupled-device camera system. Fibronectin and fibrinogen binding assays. Fibronectin and fibrinogen binding assays were performed as described previously (23, 50) with the following modifications. Doubling dilutions of human fibronectin (Calbiochem) (0 to 20 g/ml) or fibrinogen (Enzyme Research Laboratories) (0 to 10 g/ml) were added in 100-l volumes to 96-well flat-bottomed polystyrene microtiter plates (Sarstedt) and incubated overnight at 4°C. The microtiter plates were then washed three times in sterile PBS and blocked for 2 h at 37°C with 5% BSA (Sigma). Bacterial cultures were grown at 37°C in BHI broth supplemented with 1% glucose to an A 600 of Ϸ0.5 before being washed and resuspended in sterile PBS, and the cell density was adjusted to an A 600 of 1.0. The individual wells of the fibronectin or fibrinogen-coated microtiter plates were inoculated with 100-l volumes of the bacterial cell suspensions and incubated at 37°C for 2 h. The wells were then washed three times with sterile PBS and fixed with 25% formaldehyde. Wells containing PBS without bacteria were used as a negative control in all assays. Finally, wells were washed once with sterile PBS, stained with 0.4% crystal violet, and quantified by measuring the A 570 of crystal violet, which had been solubilized in 5% acetic acid. The binding of each isolate to fibronectin or fibrinogen was measured at least three times.
Antibodies. To obtain antibodies reactive against the A domain of FnBPA, specific-pathogen-free rabbits were immunized with the A domain of recombinant FnBPA containing residues 37 to 544 (FnBPA 37-544 ), and immunoglobulin was purified as described previously (56) .
Site directed mutagenesis. Oligonucleotide-directed mutagenesis (Quikchange, Stratagene) was employed to mutate the fnbA gene. The plasmid pRM8 (Table 1) carrying the 5Ј region of the fnbA gene encoding the A domain was used as a template for the reactions. The complementary oligonucleotides used to construct the N304A mutation, which has previously been implicated in elastin and fibrinogen binding (29) , were N304AFwd and N304Arev ( Table 2 ). The mutagenesis resulted in the loss of an AseI restriction site which, together with DNA sequencing, was used to confirm the presence of the desired mutation (data not shown) before the fragment was transformed by electroporation first into S. aureus RN4220 and subsequently into clinical isolates.
Statistical analyses. Two-tailed, two-sample equal variance Student's t tests (Microsoft Excel 2007) were used to determine statistically significant differences in biofilm-forming capacity and binding to immobilized fibronectin by S. aureus strains.
RESULTS

Environmental regulation of biofilm development in MRSA.
We recently reported evidence for ica-independent biofilm development by MRSA strains (49) . Here, we extended our analysis of this phenomenon using a previously described MRSA isolate associated with a device-related infection, BH1CC (type II staphylococcal cassette chromosome mec [SCCmec]; clonal complex 8 [CC8]), (15, 49) . Unlike ica-dependent biofilm development, which is triggered by osmotic stress, MRSA biofilm formation is induced primarily in broth supplemented with glucose. Glucose concentrations above 0.3% significantly induced biofilm formation in 96-well plate assays (P Ͻ 0.0001) compared to lower concentrations (data not shown). To investigate the effect of glucose on growth, we supplemented BHI broth with 1% glucose. No differences were measured in the rate of growth of BH1CC in exponential phase and the final cell densities of the cultures grown in BHI and BHI glucose media (data not shown). Consistent with the findings of Rice et al. (54) , who recently reported that metabolism of glucose and other carbon sources leads to the accumulation of acetic acid, the final pH of BH1CC grown in BHI broth with glucose was less than 5 compared to ca 8.5 in BHI broth without glucose (Fig. 2A) . To test the hypothesis that low pH triggers biofilm formation, we reduced the starting pH of BH1CC cultures using acetic acid. Biofilm development by BH1CC was significantly enhanced with a starting pH of 5.5, 6, or 6.5 compared to 7.0, 7.5, or 8.5 (P Ͻ 0.0001) (Fig. 2B ) but was not affected by the addition of sodium acetate (data not shown). Using 200 mM disodium phosphate to buffer the medium ( Fig. 2A) , biofilm development by BH1CC in BHI-glucose medium was dramatically inhibited (P Ͻ 0.0001) (Fig.  2C) . In addition, weak biofilm development by BH1CC in BHI medium alone, which correlates with a drop in pH during exponential growth ( Fig. 2A) , was inhibited by the addition of buffer (P Ͻ 0.0001) (Fig. 2C) . Buffering of BHI-glucose medium was also associated with a significant inhibition of biofilm development by the MRSA isolates BH18(04) (type IV SCCmec; CC22), BH10(03) (type IV SCCmec; CC22), BH4(04) (type II SCCmec; CC8), and BH30(04) (type II SCCmec; CC8) (49) (data not shown) (for convenience, these strains are referred to as BH18, BH10, BH4, and BH30, respectively, throughout the text). These data strongly suggest that MRSA biofilm development is activated by low pH in at least two distinct lineages of MRSA.
Contribution of sortase to the biofilm phenotype of MRSA and MSSA strains. We recently reported that glucose/low pHinduced MRSA biofilm development was independent of the ica operon and that proteinase K dispersed mature MRSA biofilms (49) , suggesting that cell surface proteins may play an important role. To investigate the involvement of surface proteins, we first examined the role of sortase. A srtA::Tc r mutation was constructed by allele replacement in the laboratory strain SH1000 and transduced into BH1CC (Fig. 3) . The srtA mutant exhibited an approximately sixfold reduction in biofilm density in BHI medium supplemented with 1% glucose compared to wild-type (P Ͻ 0.0001) (Fig. 3A) . The biofilm defect of the BH1CC srtA::Tc r mutant was complemented by the wild-type srtA gene carried on plasmid pLI50 (P Ͻ 0.0001) (Fig. 3A) . Transduction of srtA::Tc r into strains BH18, BH10, BH4, and BH30 revealed that sortase was also required for biofilm development in these strains (Fig. 3B) . We previously demonstrated that deletion of the icaADBC locus had no significant effect on biofilm in BH1CC, BH18, BH10, BH4, and BH30 (49) .
Our previous studies revealed that biofilm development in the laboratory strains RN4220 and 8325-4 and the MSSA clinical isolates BH48(04) and BH49(04) (both from CC8 and referred to as BH48 and BH49 for convenience) was ica dependent (49) . Therefore, to investigate the role of sortase in PIA/PNAG-mediated S. aureus biofilm development, the srtA::Tc r mutation was transduced into strains BH48, BH49, and 8325-4. In all strains except BH49, NaCl-induced, PIA/ PNAG-dependent biofilm was largely unaffected by the srtA mutation (Fig. 3C) . Biofilm formation by BH49 grown in BHIglucose medium may involve a surface protein adhesin because it was reduced by the srtA mutation (Fig. 3C) . However, the srtA::Tc r mutation had no impact on biofilm development by 8325-4 grown in BHI-glucose medium (Fig. 3C) , suggesting involvement of a non-LPXTG-anchored surface protein.
In addition, the srtA::Tc r mutation did not affect primary attachment of BH1CC to polystyrene (data not shown), suggesting that this mutation interferes with the cell-to-cell accu- Taken together, these data suggest that sortase-anchored LPXTG surface proteins play an important role in the accumulation phase of biofilm formation by several MRSA strains, a finding consistent with our previous data that the MRSA biofilm matrix is composed of protein(s) (49) . In contrast, NaCl-induced PIA/PNAG-mediated biofilm development in MSSA isolates is srtA independent.
Contribution of surface proteins to the MRSA biofilm phenotype. The negative impact of a srtA mutation on MRSA biofilm prompted us to investigate which cell wall-anchored proteins are involved. A total of 21 S. aureus surface proteins are predicted to contain LPXTG motifs (19, 57 , and BH30 did not impair biofilm formation in BHI, BHI-NaCl, or BHI-glucose medium (data not shown). We were unable to transduce the spa::Tc r mutation into BH1CC and BH10, but its introduction into BH30 and BH4 had no impact on biofilm under any of the growth conditions (data not shown).
In contrast, glucose-induced biofilm in the MRSA isolates BH10, BH1CC, and BH4 was dramatically reduced following introduction of the fnbA fnbB double mutation (Fig. 4A) , whereas the same mutation had no significant impact on NaClpromoted biofilm in the MSSA isolates BH48, BH49, and BH51(04) (referred to as BH51 for convenience) (Fig. 4B) . In order to determine if one or both of the fnbA and fnbB genes are required for glucose-induced MRSA biofilm, we examined the effect of fnbA::Tc r and fnbB::Tc r single mutations in isolates BH1CC, BH10, BH3, BH4, and BH30 (Fig. 4C) . Mutation of either the fnbA or fnbB gene alone did not substantially impair glucose-induced biofilm formation compared to the impact of an fnbAB double mutation (Fig. 4C) . The biofilm defect of the fnbAB double mutation in each of the MRSA strains was complemented by introducing plasmids carrying either the wild-type fnbA or fnbB gene alone (Fig. 4C) . These data strongly suggest that both the FnBPA and FnBPB proteins mediate glucose-induced biofilm development in MRSA. Consistent with our analysis of the srtA::Tc r mutant, primary attachment assays revealed no significant differences between BH1CC and its isogenic fnbAB mutant (data not shown), suggesting that FnBPA and FnBPB are involved in intercellular accumulation and not initial interactions with surfaces. In order to investigate FnBP-promoted biofilm under flow conditions, a Biosurface Technologies FC93 (Bozeman, MT) flow cell system was also used to examine biofilm development by BH1CC in BHI-glucose medium. Consistent with the static biofilm assays, the fnbAB double mutation reduced biofilm formation after growth for 24 h in the flow cells, and the defect was complemented by plasmid pFnBPA4 carrying the wildtype fnbA gene (Fig. 4D) .
Analysis of FnBPA-and FnBPB-induced biofilms. Similar to MRSA, expression of the fnbA or fnbB gene from multicopy plasmids can trigger glucose-induced biofilm development in the MSSA strains BH40(04) (referred to as BH40 for convenience) and BH49 (data not shown). To investigate the extracellular matrix of FnBP-induced biofilms, we examined the ability of sodium metaperiodate and proteinase K to disperse biofilms formed by the MRSA strains BH1CC and BH4 and the MSSA strains BH40 and BH49 carrying fnbA and fnbB plasmids grown in BHI-glucose medium. Sodium metaperiodate had little effect on the MRSA biofilms, whereas they were dispersed by treatment with proteinase K (Fig. 5A) . Similar results were observed following treatment of the MSSA bio- r mutation on biofilm regulation in the MRSA isolates BH18, BH10, BH4, and BH38 (B) and the MSSA isolates BH48, BH49, and 8325-4 (C). The strains were grown in BHI medium or in BHI medium supplemented with 4% NaCl or 1% glucose at 37°C for 24 h. Biofilm formation in tissue culture-treated 96-well plates was measured three times, and standard deviations, which were less than 15%, are indicated.
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FnBP-MEDIATED BIOFILM IN S. AUREUS 3841 films, which were also substantially dispersed with proteinase K and only partially dispersed with sodium metaperiodate. These data are in contrast to our previous findings that NaCl-induced biofilms in MSSA isolates were dispersed with sodium metaperiodate and not proteinase K (49) . These data further suggest that the FnBPA and FnBPB surface proteins can promote biofilm formation by S. aureus strains under mildly acidic growth conditions.
To investigate if the FnBPA and FnBPB proteins cooperate with PIA/PNAG to mediate biofilm formation (particularly in MSSA isolates), we examined the impact of carriage of the fnbA or fnbB gene on multicopy plasmids in icaADBC deletion mutants of the MRSA isolates BH1CC and BH4 and the MSSA isolates BH40 and BH49. Biofilm formation associated with carriage of the fnbA or fnbB gene on multicopy plasmids was independent of the ica locus   FIG. 4 . Contribution of the fnbA and fnbB genes to biofilm regulation in S. aureus. (A and B) Impact of a fnbAB::Tc r mutation on biofilm regulation in the MRSA isolates BH10, BH1CC, and BH4 (A) and the MSSA isolates BH48, BH49, and BH51 (B). The strains were grown in BHI, BHI-4% NaCl, and BHI-1% glucose media at 37°C for 24 h. (C) Impact of fnbA and fnbB single and double mutations and carriage of multicopy fnbA (pFnBPA4) and fnbB (pFnBPB4) plasmids on biofilm development in the MRSA isolates BH1CC, BH10, BH3, BH4, and B30. The strains were grown in BHI medium supplemented with 1% glucose at 37°C for 24 h. Biofilm formation in tissue culture-treated 96-well plates was measured three times, and standard deviations, which were less than 20%, are indicated where appropriate. (D) Biofilm development under flow conditions by the MRSA strains BH1CC (vector control), BH1CC fnbAB::Tc r , and BH1CC fnbAB::Tc r (pFnBPA4) using a Biosurface Technologies flow system. Strains were grown for 24 h at 37°C in BHI broth supplemented with 1% glucose, and the flow cells were photographed after 24 h.
( Fig. 5A and B) . Furthermore, FnBPA-and FnBPB-induced biofilms in ica mutants of all four isolates were substantially dispersed with proteinase K and to a much lesser extent by sodium metaperiodate (Fig. 5A and B) . Apparently, both FnBPA and FnBPB are capable of mediating biofilm formation in MRSA and MSSA strains independently of PIA/ PNAG. Furthermore, these findings suggest that although glucose-or acid-induced FnBP-mediated biofilm development is more commonly associated with MRSA isolates, FnBPA and FnBPB may also contribute to biofilm formation by MSSA under appropriate conditions.
Contribution of SarA to FnBP-mediated biofilm in S. aureus. Mutation of the sarA locus resulted in a biofilm-negative phenotype in both MRSA and MSSA (2, 49, 65) . Consistent with our earlier studies, sarA mutants of the MRSA strains BH1CC, BH3, and BH4 did not form low pH-induced biofilm in BHIglucose medium (Fig. 6A) . Overexpression of the fnbA or fnbB gene was insufficient to restore biofilm (Fig. 6A) . Transcription of the fnbA and fnbB genes was not diminished by the sarA::Tc r mutation as measured by RT-PCR (Fig. 6B) . The transcripts were either unchanged (BH1CC and BH3) or were higher (BH4) in the sarA mutant (Fig. 6B) . To investigate if lack of sarA might impair the function of FnBPA and FnBPB, we measured the ability of BH1CC and its isogenic sarA and fnbAB mutants to adhere to immobilized fibronectin. Adhesion was reduced by approximately 50% in the sarA mutant (Fig.  6C ) compared to the fnbAB mutant, which was completely defective (Fig. 6C) .
Inhibition of MRSA biofilm by V8 protease. The cell wallanchored FnBPs are extremely sensitive to degradation by the sspA-encoded V8 serine protease (43) . Growth of MRSA strains in the presence of excess V8 protease might inhibit low pH-induced biofilm development, whereas NaCl-induced MSSA biofilm development most likely would be unaffected. To test this hypothesis, we measured the capacity of BH1CC and the laboratory strain RN4220 to form biofilm in the presence and absence of V8 protease. Addition of V8 protease to BH1CC cultures significantly reduced biofilm development in BHI (P Ͻ 0.0001) and BHI-glucose (P Ͻ 0.0001) (Fig. 7A ) media and binding to immobilized fibronectin (P Ͻ 0.001) (data not shown), which is consistent with a role for the FnBPs in MRSA biofilm. In contrast, biofilm formation by RN4220 in BHI (P ϭ 0.26), BHI-NaCl (P ϭ 0.97), and BHI-glucose (P ϭ 0.76) media was unaffected by V8 protease (Fig. 7B) , whereas binding to immobilized fibronectin was strongly reduced (P Ͻ 0.001) (data not shown). We also examined the impact of V8 protease on biofilm development by the MRSA isolates BH18, BH10, BH4, and BH30 and the MSSA isolates BH40, BH48, BH49, and BH51. Like BH1CC, low pH-induced biofilm formation by the MRSA isolates was inhibited by V8 protease whereas NaCl-induced biofilm formation by MSSA isolates was unaffected (data not shown).
The MRSA strains in our local collection are from a restricted number of lineages (CC8 and CC22), and the evidence for FnBP-mediated biofilm in MRSA strains is limited to a number of clinical isolates that are amenable to genetic manipulation (49) . Therefore, we also tested the sensitivity of biofilm formation to V8 protease in biofilm-positive (A 600 of Ͼ0.5) isolates from genetically diverse MRSA and MSSA strains (55) . Consistent with our data from RN4220, biofilm development in BHI-NaCl medium by two MSSA isolates from CC5, five isolates from CC8, two isolates from CC22, and three isolates from CC45 was unaffected by V8 protease (data not shown). Similar to BH1CC, biofilm formation by MRSA isolates DAR35 and BH4 from CC8 (P Ͻ 0.0001), BH10 and DAR113 from CC22 (P Ͻ 0.0001), and DAR70 from CC45 (P Ͻ 0.0001) was significantly reduced by supplementation with V8 protease (Fig. 7C) . However, V8 protease did not inhibit biofilm development by MRSA isolates DAR217 and DAR22 from CC5 and isolates DAR141 and DAR199 from CC30 (Fig. 7C) . Binding by all of the above isolates to immobilized fibronectin was significantly reduced by V8 protease (P Ͻ 0.001) (data not shown). These data are consistent with the idea that FnBP-mediated biofilm development is a common MRSA trait from CC8, CC22, and CC45 lineages whereas biofilm formation by CC5 and CC30 might not be FnBP mediated. However, studies with larger numbers of MRSA isolates are required, and a detailed analysis of the role of FnBPs is required. Also the mechanisms of CC5 and CC30 MRSA biofilm formation require further investigation. Domains of FnBPs involved in biofilm formation by MRSA strains. FnBPA is a multifunctional protein with an A domain that binds to fibrinogen and elastin (29, 68) and with BCD domains (tandem repeats 1 to 11) that bind to fibronectin (62) . To identify the domain(s) of FnBPA required for biofilm development, we tested the ability of plasmids pRM8 (expressing the FnBPA A domain and one fibronectin binding domain) and pRM1 (expressing only the FnBPA BCD domains) (Fig. 1) to promote biofilm formation in fnbAB::Tc r mutants of the MRSA strains BH1CC, BH10, BH3, BH4, and BH30. Expression of the A domain of FnBPA promoted biofilm formation close to or greater than wild-type levels in all five strains compared to expression of the BCD domains, which did so poorly (Fig. 8A) . To determine if the truncated protein lacking the A domain but carrying the BCD domains expressed by pRM1 was functional in the clinical isolates, we tested the ability of strains to adhere to fibronectin. Binding occurred in all strains but at a lower level than wild type (Fig. 8B) . Plasmid pRM8 promoted a lower level of adhesion to fibronectin than pRM1, presumably due to the presence of only a single fibronectin binding domain (Fig. 8B) .
To further investigate the role of the A domain of FnBPA in biofilm formation, we measured the ability of anti-FnBPA A-domain antibodies (56) to inhibit biofilm development by BH1CC, BH10, BH3, and BH4 grown in BHI-glucose medium. The Fab fragment (56) was used in order to reduce the steric effects of the large immunoglobulin G molecule's binding to the cell surface-expressed FnBPA A domain and also to eliminate nonimmune binding to protein A, which might interfere. The antibodies inhibited biofilm in all four isolates in a concentration-dependent manner (Fig. 8C) whereas they had no effect on fibronectin binding by BH1CC (Fig. 8D) . The extent of biofilm inhibition by the antibodies was somewhat unexpected, given that they do not cross-react with FnBPB (unpublished data). This suggests that FnBPB may also be sterically blocked by the FnBPA antibodies.
FnBPA promotes bacterial adherence to immobilized fibrinogen and elastin via interactions reliant on the N304 and F306 residues of the A-domain N2 subdomain ( Fig. 1) (29, 56, 68) . A pRM8 derivative carrying an N304A substitution, which reduced fibrinogen binding activity (Fig. 9A) , retained the capacity to complement the biofilm defect in four MRSA fnbAB mutants (Fig. 9B) . These data indicate that FnBPA-and FnBPB-mediated biofilm development in S. aureus is a novel function of the A domain of these cell wall-anchored proteins. Interestingly, the amino terminal 500 amino acids of ClfA (including the A domain) shares approximately 25% identity and 42% similarity with the corresponding region of FnBPA. However, as described above, mutation of the clfA gene was not accompanied by a reduction in biofilm (data not shown), suggesting that specific and perhaps unique characteristics of the A domains of FnBPA and FnBPB are required. 
DISCUSSION
Infections involving S. aureus remain a serious threat to hospitalized patients following trauma or surgery or with underlying medical conditions. A significant portion of these infections are caused by MRSA, leading to further complications in treatment. S. aureus expresses an array of enzymes and toxins that subvert the host immune response and enhance its FIG. 7 . Susceptibility of S. aureus biofilm development to treatment with exogenous V8 protease. (A) Biofilm development by the MRSA isolate BH1CC grown in BHI and BHI-glucose media with or without exogenous V8 protease (5 units/ml). (B) Biofilm development by the laboratory MSSA strain RN4220 grown in BHI, BHI-NaCl, and BHI-glucose media with or without exogenous V8 protease (5 units/ml). (C) Biofilm development by MRSA isolates DAR217 (CC5), DAR22 (CC5), DAR35 (CC8), BH4 (CC8), BH10 (CC22), DAR113 (CC22), DAR141 (CC30), DAR199 (CC30), and DAR70 (CC45) grown in BHI-glucose medium with or without exogenous V8 protease (5 units/ml). Biofilm formation was measured at least three times, and standard deviations, which were less than 20%, are indicated. virulence. It also displays a striking capacity to colonize implanted medical devices and form biofilm, a trait more commonly associated with its less pathogenic relative S. epidermidis. Indeed, together coagulase-negative staphylococci and S. aureus are responsible for the majority of device-related infections.
In recent years, we have begun to characterize the biofilm phenotype in clinical isolates of MRSA and MSSA isolated from device-related infections (14, 15, 49) . These studies revealed that MSSA isolates are more likely to produce an icaADBC-dependent, PIA/PNAG-mediated biofilm activated by osmotic stress, for example, in medium supplemented with NaCl (15, 49) . In contrast, addition of glucose to the growth medium triggered the formation of biofilm by some MRSA strains by an icaADBC-independent mechanism involving protein(s) (15, 49) .
The addition of glucose to BHI medium results in a lowering of the pH during growth, which seems to promote biofilm development. Reducing the pH prior to growth allowed biofilm formation without the addition of glucose. Given that many host niches colonized by S. aureus are mildly acidic (e.g., skin, vagina, urinary tract, and mouth) (69), low pH-induced MRSA biofilm development is likely to be of physiological importance. Interestingly, glucose and a lowered pH have been shown to decrease expression of the accessory gene regulator (agr) locus (53) , which is known to repress biofilm development (66, 67) . Enhanced biofilm formation by agr mutants has been attributed to decreased levels of the RNAIII-encoded ␦-toxin, which has surfactant properties (66, 67) . However, we have previously reported that mutation of the agr locus in 13 MRSA and 8 MSSA clinical isolates increased biofilm in only 5 of 21 (23%) isolates and had no significant impact on biofilm in the remaining 16 isolates (49) . These data make it difficult to correlate modulation of agr locus activity alone with enhanced biofilm development in the presence of glucose.
Mutation of sortase, which anchors LPXTG surface proteins to the cell wall (19, 57) , reduced biofilm formation in MRSA but not in MSSA. Mutations in a number of loci encoding LPXTG proteins were introduced into MRSA strains, allowing the involvement of SdrC SdrD SdrE, ClfA, and Spa in the MRSA biofilm phenotype to be ruled out and revealing the requirement for FnBPA and FnBPB. A mutation of either fnbA or fnbB alone was insufficient to impair biofilm development, and overexpression of either gene alone could complement fnbAB double mutants of MRSA clinical isolates, showing that both FnBPA and FnBPB promote biofilm. Although the fnbA and fnbB genes were not required for NaCl-induced, icaADBC-dependent biofilm development in MSSA isolates, overexpression of either gene potently increased MSSA biofilm development in medium supplemented with glucose, suggesting that the fibronectin binding proteins are capable of promoting biofilm in both MSSA and MRSA isolates under appropriate conditions.
By exploiting the sensitivity of the FnBPs to V8 protease (43), we produced data that suggest that biofilm development by a number of genetically diverse MRSA clinical isolates is likely to be FnBP dependent. However, biofilm formation by MRSA isolates from CC5 and CC30 appeared to be resistant to V8 protease inhibition. FnBPs from these strains may be poorly expressed or resistant to degradation by V8 protease, or different surface proteins may be involved in biofilm formation by these strains. We are currently examining the role of PIA/ PNAG-and FnBP-mediated biofilm in these strains.
The global regulator of transcription, SarA, was required for FnBP-mediated biofilm development in MRSA. However, in contrast to a previous study in S. aureus Newman (70), our data do not support a role for SarA as a transcriptional activator of fnbA and fnbB expression in MRSA. Instead, increased expression of proteases (4, 28) , including V8 serine protease, may explain reduced biofilm and reduced fibronectin binding in MRSA sarA mutants. McGavin et al. (43) reported that the degradation of cell surface FnBPs as cultures entered stationary phase was due to V8 protease activity. However, unlike biofilm development, fibronectin binding was reduced but not completely abolished in a sarA mutant. Remnants of cleaved FnBPs exposed on the surface, which contain one or more fibronectin binding domains, may retain the capacity to promote low adherence to fibronectin but lack the ability to mediate biofilm cell-cell interactions.
FnBPA and FnBPB are large, multidomain proteins in which fibronectin binding is mediated by tandem repeats located between the N-terminal A domain and C-terminal wallspanning and LPXTG-anchoring domains (44, 62) . Our data indicate that FnBP-mediated biofilm formation is determined primarily by the N-terminal A domain. Altering the FnBPA N304 residue of the N2 subdomain eliminated fibrinogen and elastin binding (29, 56, 68) but did not affect biofilm formation. Experiments are now under way to identify residues in the A domain that are required for biofilm development.
How FnBPA and FnBPB promote biofilm development remains to be determined. Possibly, intercellular accumulation is mediated by direct interactions between the cell wall-anchored FnBPs on different cells, or the FnBP A domains bind to another cell surface molecule. In either case it will be important to investigate further why FnBP-mediated biofilm is associated primarily with MRSA and not MSSA isolates. Presumably, the redundancy of the icaADBC-encoded PIA/PNAG in the MRSA but not MSSA biofilm phenotype (49) partially answers this question, and it will be important to determine why MRSA isolates do not appear to make PIA/PNAG-dependent biofilm even though the ica locus is maintained and transcribed in these strains. Alternatively, FnBPA and FnBPB may be more highly expressed, or their integrity may be more resistant to protease degradation during stationary phase and biofilm growth in MRSA than in MSSA strains. If the FnBPs mediate biofilm through interactions with another cell wallassociated ligand, it is also possible that this receptor is more highly expressed in MRSA than MSSA isolates.
In conclusion, this study reveals that in addition to binding extracellular matrix proteins, FnBPA and FnBPB can also promote intercellular accumulation and biofilm development by S. aureus. Given that implanted surgical and medical biomaterials are rapidly coated by a conditioning film composed primarily of extracellular matrix proteins including fibronectin, our findings suggest that these cell wall-anchored proteins are likely to be important virulence factors in device-related S. aureus infections, particularly those caused by MRSA strains, and may represent attractive therapeutic targets.
